Abstract Monitoring of marine mammal steroid hormone status using matrices alternative to blood is desirable due to the ability to remotely collect samples, which minimizes stress to the animal. However, measurement techniques in alternative matrices such as blubber described to date are limited in the number and types of hormones measured. Therefore, a new method using bead homogenization to QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) extraction, C18 post extraction cleanup and analysis by liquid chromatography tandem mass spectrometry (LC-MS/MS) was developed and applied to the measurement of hormone suites in bottlenose dolphin blubber. Validations were conducted in blubber from fresh dead stranded bottlenose dolphin. The final method consisting of two LC separations and garnet bead homogenization was tested for extraction efficiencies.
Introduction
Bottlenose dolphins (Tursiops truncatus) are widely distributed in coastal waters of temperate and subtropical regions. Their distribution in near-shore regions and role as apex predators have led to their use as sentinels which provide early warning of threats from zoonotic pathogens, biological toxins, and chemical contaminants including endocrine disruptors [1] [2] [3] . However, evaluating endocrinology of wild-ranging dolphin populations is problematic because blood sampling requires capture and release, which is difficult, expensive, and stressful to the animal. Additionally, stress alters the profiles of reproductive and stress hormones, making interpretation of endocrine measurements from stressed animals Electronic supplementary material The online version of this article (doi:10.1007/s00216-017-0446-z) contains supplementary material, which is available to authorized users. difficult [4, 5] . Development of techniques to extract and measure steroids in remotely collected alternative matrices that are endocrinologically relevant are needed.
Previous research has demonstrated that dolphin blubber, which can be obtained remotely using dart biopsy technology [6, 7] is a promising alternative matrix for endocrine measurement and has proven informative for reproductive studies. Testosterone concentrations have been used to determine sexual maturity in males and progesterone concentrations have been used to determine pregnancy in wild-ranging dolphins [8] [9] [10] [11] . In addition, there is some evidence that blubber cortisol concentrations could be indicative of stress status in dolphins [12, 13] .
Currently, methods for the determination of steroid hormones in blubber samples involve a liquid-liquid extraction to enzyme-linked immunosorbent assay (ELISA) detection [6] . Each ELISA is limited to one steroid hormone per analysis, requiring multiple assays, multiple sample aliquots, and potentially multiple extractions to develop endocrine profiles. Additionally, ELISA is an indirect measurement technique relying on antibody binding which is prone to crossreactivity among the similarly structured hormones and could lead to inaccuracies when comparing across studies that might not adhere to the exact same techniques [14] .
Mass spectrometry (MS) methods are advantageous over ELISA techniques in that they are direct detection methods (i.e. MS measures the mass and fragmentation pattern of the hormone rather than measuring a signal generated by a reaction with the hormone) [15] . However, MS methods for the measurement of steroid hormones in marine mammal matrices remain narrow in scope by analyzing only one or two steroids. Gas chromatography (GC) has been used to measure cortisol concentrations in the skin of harbor porpoises [16] , but GC-MS methods require derivatization of hydroxyl and amine groups. Cortisol has three hydroxyl groups; therefore, derivatization must be complete to accurately and reproducibly measure cortisol using GC-MS technology. Alternatively, liquid chromatography tandem MS (LC-MS/MS) does not require derivatization to accurately measure steroid hormones. Existing LC-MS methods to measure steroid hormones in alternative cetacean matrices include the analysis of testosterone in bottlenose dolphin saliva and blow [17] and testosterone and progesterone have been measured in North Atlantic right whale blow. [18] To our knowledge, methods have not attempted to analyze hormone suites (androgens, corticosteroids, and progestogens) in alternative marine mammal matrices.
Steroid hormone structures share a cholesterol backbone (many with a log K ow of 3 or higher), thus extraction and measurement of hormones in the lipid-rich blubber matrix presents novel difficulties for LC-MS techniques that can be sensitive to lipid interferences. Despite similar structures of the hormones, the solvent affinities of these compounds vary from hexane for progesterone (polarity index of 0.1) to acetonitrile for cortisol (polarity index of 5.8); consequently, capturing all the hormones in a single extraction while sufficiently removing remaining lipids that can interfere with quantification is difficult.
In this manuscript we describe how we were able to leverage new broad extraction techniques that include lipid removal steps coupled with the greater sensitivity of mass spectrometry methods to achieve steroid hormone profiling of blubber. In this manuscript, we describe a QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) extraction, C18 dispersive solid-phase extraction (dSPE) lipid clean up, to isotope dilution LC-MS/MS method that simultaneously monitors nine hormones in blubber samples. QuEChERS extractions typically have been used for pesticide analysis as it extracts analytes into an organic phase by saturating the aqueous phase using buffered salts (salting-out) whereas C18 dSPE methods aid in the removal of lipids. These extractions allow recovery of a wide range of analytes. Our quality assessment and analysis conducted on stranded bottlenose dolphin blubber successfully quantified eight steroid hormones (five of which were not previously quantified in blubber) in a sample comparable in size to half a typical dart biopsy (approximately 0.4 g) with comparable precision to ELISA techniques (relative standard deviation herein defined as RSD < 15%). Additionally, we applied the developed method to dart biopsies from bottlenose dolphins to demonstrate the ability to measure trace hormone concentrations in relatively unstressed dolphins.
Materials and methods

Sample collection
In order to obtain a large amount of dolphin blubber for method development, samples were collected from dead bottlenose dolphins. Large samples of blubber (approximately 50 g full depth) were collected from two stranded dolphins reported to the Marine Mammal Stranding Network in South Carolina (authorized through a Letter of Authorization from the National Oceanic and Atmospheric Administration's (NOAA) National Marine Fisheries Service) that had to be euthanized (i.e., code 1). Samples were collected after the dolphins were euthanized. SC1426 was identified as an adult male, possibly senescent, 264.5 cm in length. SC0740 was determined to be a young male 250 cm in length. Blubber sections were stored at −80°C, minimally thawed for sectioning and stored again at −80°C until sample processing.
Blubber from stranded animals was used for validation experiments where large homogenous sections of blubber were needed to create replicates. Though there is some concern that development of a method in blubber from a stranded animal might have different matrix qualities compared to a living dolphin (i.e. lipid content reduction due to stress) these changes are most likely minimal. Code 2 (fresh dead) stranded dolphins that have experienced more degradation than code 1 (alive) stranded dolphins were found to have lipid concentrations averaging 44.58%, which is comparable to live wildranging dolphins (McFee unpublished). Therefore, we do not expect that conducting validations in stranded dolphin blubber will hinder the interpretation of the experiments in relation to blubber from live wild-ranging dolphins.
In addition, four blubber samples were collected from live, wild-ranging dolphins in the coastal waters near Charleston, South Carolina, via remote biopsy under the Marine Mammal Protection Act Permit numbers 779-1633 and 14,450. Upon collection, samples (approximately 0.8 g) were immediately processed using acetone and hexane rinsed forceps and scalpels. Skin was removed from the biopsy and the blubber was halved to produce two full depth sections. One half, sectioned longitudinally, was collected for this study while the other half was stored for future contaminant analysis. Both halves were placed into individual cryovials and flash frozen in a liquid nitrogen dewar until transported to the National Institute of Standards and Technology Marine Environmental Specimen Bank at the Hollings Marine Laboratory where they were stored in liquid nitrogen freezers until analysis.
After initially testing method reproducibility using blubber from stranded animals, the four remote sampled biopsies from two male and two female adult bottlenose dolphins (sex confirmed by genetic analysis of skin samples) were tested, to explore this method for measurement of baseline concentrations of hormones from non-stressed dolphins.
Internal standards and calibration standards
Internal standards testosterone-13 C 3 , androstenedione-13 C 3 , 17-hydroxyprogesterone-13 C 3 , and cortisol-d 4 were purchased from Cerilliant (Round Rock, TX) and were determined to have 99.99% purity by the manufacturer. Progesterone-13 C 3 was purchased from Cambridge Isotopes (Tewksbury, MA) and was determined to have 98% purity by the manufacturer. Standards for calibration curves were purchased from various vendors. Androstenedione, testosterone, 17-hydroxyprogesterone, progesterone, corticosterone, cortisone, and cortisol were purchased from Sigma Aldrich (St. Louis, MO). 11-Deoxycorticosterone and 11-deoxycortisol were purchased from Steraloids (Newport, RI). The stated purity of all calibration standards was ≥98%.
Homogenization
Previous attempts in our laboratory to homogenize small d a r t b i o p s i e s f r o m Tu r s i o p s t r u n c a t u s u s i n g cryohomogenization, bead homogenization, and lyophilization before homogenization have all failed to yield reproducible results for different reasons. Either recovery of the cryohomogenized blubber from the grinding jar was insufficient for mass based calculations on a small biopsy or homogenization was visibly incomplete. Mincing blubber on dry ice before pressurized fluid extraction has been used as a preparatory step in persistent organic pollutant analyses [19] , but further homogenization was required before proceeding to the QuEChERS extraction. Therefore, mincing on dry ice followed by bead homogenization was explored.
Blubber from stranded animals was minced in an acetone and hexane rinsed glass beaker on dry ice before bead homogenization using ceramic beads (2.8 mm; Mo Bio, Carlsbad, CA). To examine the homogeneity of steroid measurements following bead homogenization and QuEChERS extraction, minced blubber from SC1426 was mixed by hand and then aliquoted into three replicates of equivalent size to the biopsies (approximately 0.4 g) for analysis.
Isotopic dilution using labeled internal standards was applied to ensure quality of hormone measurements. First, empty tubes for the Precellys 24 bead homogenizer (Bertin Instruments; Montigny-le-Bretonneux, France) were labeled and weighed. Then internal standards (approximately equal to 5 ng of each internal standard; 100 μL total volume) were added to each tube (blanks, calibrants, and samples) and weighed again (see Electronic Supplemental Material (ESM) Table S1 for calibrant and internal standard concentrations). This internal standard mixture was used as a quality normalization factor to account for loss during extraction or differences in injection.
Finally, well mixed minced blubber (approximately 0.4 g) was added to the tube and weighed again to determine the blubber mass extracted. The samples, internal standard blanks (internal standard mixture without added sample), and a steroid hormone calibration curve in methanol (six calibrant concentrations; see ESM Table S1 ) were processed identically. Deionized water was added to the tube up to the 1.5 mL mark (approximately 800 μL) and samples were immediately homogenized in the bead homogenizer. All tubes were homogenized two times for 30 s each at 6500 rpm with a 30 s rest interval, cooled in a cold tube rack (stored in a -80°C freezer until use) for 5 min, and homogenized two additional times for 30 s each.
Different bead materials for homogenization tubes were tested for reproducibility. Ceramic (2.8 mm), metal (2.38 mm) and garnet (0.7 mm) beads from Mo Bio (Carlsbad, CA) were examined. Minced and mixed blubber from SC1426 was gravimetrically weighed into three replicates of approximate equivalent size (≈ 0.4 g) for each bead type, extracted and measured using the technique outlined above. Chi-squared analysis was conducted using JMP Statistical Software (SAS Institute, Cary, NC) to determine differences in quantification of steroids among the different bead types and RSDs were compared to select the most precise method.
Extraction and lipid clean up
Homogenized samples, internal standard blanks and calibration standards were extracted using the QuEChERS method outlined by Agilent (Santa Clara, CA) application note #5990-6589EN (Determination of Hormones in Shrimp) [20] with minor changes. Homogenized samples were poured into a 50 mL Falcon tube and the homogenization tube rinsed twice with 1.5 mL deionized water which was decanted into the 50 mL Falcon tube following each rinse. The volume in the Falcon tube was then brought up to the 5 mL mark with water and vortexed for 10 s. The homogenization tube was then similarly rinsed three times with acetonitrile and added to the 50 mL Falcon tube. The volume was brought up to 15 mL with acetonitrile then shaken vigorously by hand for 30 s. The salt packet from the extraction kit was then added to the tube and the sample was shaken by hand for 1 min. Samples were then centrifuged at 2900 × g n for 5 min at 4°C using a Beckman Coulter Avanti J-20 XPI centrifuge in a swinging-bucket rotor (Brea, CA). Approximately 9 mL of the top acetonitrile layer (which was clearly delineated from the water by the solid waste layer) was then transferred to the C18 dSPE tube provided by the Agilent Bond Elute QuEChERS dispersive-SPE kit for Drug Residues in Meat (15 mL) for further lipid removal and clean up. C18 dSPE tubes were then vortexed for 1 min and centrifuged at 20000 × g n for 3 min at 4°C using a fixed-angle rotor and the solvent layer (approximately 8 mL) was then transferred to borosilicate glass tubes and reduced to dryness under nitrogen at 35°C using a Biotage TurboVap LV (Uppsala, Sweden). Samples were then reconstituted in 2 mL of 80:20 water: acetonitrile (volume fraction), vortexed for one min, then sonicated for 9 min. The solution was then filtered through a 0.22 μm cellulose acetate spin filter at 12000 × g n for 1 min. Filtrate was then transferred to a clean borosilicate glass culture tube, blown down to dryness under nitrogen at 35°C, then reconstituted in 200 μL of methanol and transferred to a glass insert in an amber autosampler vial.
Instrumental method
The instrumental method is described in Boggs et al. [21] Briefly, a Restek (Bellefonte, PA) Ultra Biphenyl LC column (250 mm × 4.6 mm, 5.0 μm particle size) on an Agilent 1200 Series LC system equipped with a binary pump and autosampler in line with an AB Sciex (Framingham, MA) API4000 QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer was used for measurement. Slight differences in the instrumental method were adjusted for the measurement of steroids in blubber matrices and are as follows. Chromatographic separation was achieved using the gradient outlined in Boggs et al. [21] with increased wash and equilibration time (100% acetonitrile with 0.1% formic acid for 5 min and 20% acetonitrile with 0.1% formic acid for 10 min, respectively). Two transitions were monitored in positive mode ([M + H] + ) for each steroid. The largest signal was used for quantitation and the second fragment used for qualitative analyte confirmation (Table 1) . Cortisone was included as an additional steroid not previously analyzed by Boggs et al. [21] as it is a metabolite of cortisol typically found in other species, but has never been measured in whales.
After initial experiments, we found that corticosteroid detection was suppressed in this separation, which could be problematic for the measurement of trace baseline concentrations of stress hormones in unstressed animals. Therefore, a second LC method was optimized for the monitoring of corticosteroids in blubber extracts using a separation method similar to Tai et al. [22] A portion of the final extract (50 μL) was transferred to a borosilicate test tube, blown down at 35°C in the TurboVap and reconstituted with 50 μL of 50:50 methanol: water (volume fraction). An Agilent Eclipse Plus C18 LC column (2.1 mm × 150 mm, 5.0 μm particle size) was used for the separation. Solvent flow was held at 46% methanol for 10 min, increased to 82.5% over 10 min, increased to 83.3% to over 5 min. The column was then washed at 100% methanol for 5 min. And re-equilibrated for 10 min.
Quantitation
Calibration standard mixtures and internal standard blanks were extracted identically to the samples. Internal standard blanks, which contained internal standards in methanol, were used to calculate the limit of detection (LOD). The LOD was calculated as three times the standard deviation plus the mean of the area of internal standard blanks for each analyte. The LOQ was defined as the lowest measured calibration standard unless the LOD was greater than the LOQ, in which case the blank-calculated LOD was defined as the LOQ. This is a conservative method for the calculation of a LOQ as outlined by Ragland et al. [23] .
Hormones were quantified using isotopic dilution and by extrapolating from a linear regression of the extracted calibration curve (see ESM Table S2 for regression information). Briefly, analyte peak areas were divided by matched internal standard ratios (cortisol-d4 was used for all corticosteroids). Masses of each analyte were interpolated using a linear regression of at least three calibration standards that bracketed the sample peak area ratios. Concentrations were mass adjusted by dividing the calculated mass of each analyte by the extracted sample mass to yield ng/g concentrations.
Accuracy
Accuracies were determined by spike retrieval experiments. Nine aliquots of approximately 0.4 g of dolphin blubber from a mixture of SC1426 and SC0740 (both male code 1 stranded dolphins) were prepared using the methods described in the biopsy testing section. Five aliquots were measured for endogenous concentrations and four samples were gravimetrically spiked with calibrant B (see ESM Table S3 for spike and calibrant masses). All samples were tracked gravimetrically and spiked with the isotopic internal standard mixture. The samples were prepared using garnet bead homogenization, QuEChERS extraction, C18 dispersive SPE clean-up, and instrument methodologies described above.
Spike retrieval was calculated by comparing the expected total ng (mean endogenous concentrations adjusted by mass plus the known amount of spiked hormone) to the recovered total ng (concentration adjusted by mass from the sample with the spike). Acceptable extraction efficiencies were defined between 70% and 120% with an RSD below 15%.
Results
Chromatography and homogenization quality assessment
The bead homogenization to QuEChERS extraction followed by biphenyl and C18 LC separation methods provided reliable chromatographic separation and quantification of eight steroid hormones and five internal standards in bottlenose dolphin blubber. Chromatographic separation was achieved using a combination of two different chromatographic separations (Fig. 1) . Though two runs increase the amount of instrument time needed, there was no additional extraction necessary and the reproducibility of measurements was increased on different hormone classes by utilizing both separation methods. Retention time RSDs of steroids among samples and calibration standards never exceed 0.5% and all steroids with retention time RSDs above 0.3% had matching internal standards to confirm identity. The biphenyl LC separation produced the lowest RSDs and LODs for the reproductive hormones (testosterone, progesterone, 17-hydroxyprogesterone, and androstenedione), while the C18 LC separation produced the better RSDs and reduced the LODs for the corticosteroids (cortisol, cortisone, 11-deoxycortisol, and corticosterone; Table 2 ). C18 LC separation increased the signal to noise ratio of corticosteroid analytes compared to the biphenyl LC separation. For example, the peak areas from the same cortisol Fig. 1 Chromatographic separation of endogenous hormones in a blubber sample pool from male code 1 stranded Tursiops truncatus. a Reproductive steroids, b reproductive steroid internal standards, and c) corticosteroids and internal standards. Displayed peaks are the quantitative transitions. Reproductive steroids were separated using a biphenyl column and the corticosteroids were separated on a C18 column. Retention times are listed below the steroid name calibration standard were 91,700 counts on the biphenyl LC separation and 574,000 counts on the C18 LC separation. Noise was reduced by half on the C18 LC separation versus the biphenyl LC separation (data not shown) thereby increasing the ability to detect trace concentrations of cortisol. The combination of improved detection, reduction of noise, and better RSD led to the decision to use a C18 LC separation for the corticosteroids. Using this combination of separations, all RSDs were comparable to ELISA techniques [8, 9, 13] with the added benefit that multiple steroids can be analyzed simultaneously. Bead materials were tested to determine differences in homogenization and precision. There was no significant difference (p ≤ 0.05 considered significant for all comparisons) in the mass adjusted peak area ratios among the three tested materials (ceramic, metal, and garnet; Fig. 2 ). However, upon visual inspection, garnet beads produced a more uniform homogenate. Metal and ceramic beads performed similarly on extraction, but occasionally small visible pieces of blubber could be observed remaining in the homogenate. Additionally, garnet beads yielded smaller standard deviations than the other bead materials for the most hormones analyzed. Therefore, garnet beads were selected for the extraction efficiency testing.
Application to remote dart biopsies
Application of this method to dart biopsies allowed the quantification of steroid hormones in the samples (Table 3) . Initial screening of the biopsies did not detect 11-deoxycorticosterone or corticosterone, and therefore these analytes were not included in the analysis. Cortisol, progesterone, 17-hydroxyprogesterone, testosterone, and androstenedione were quantifiable in the male blubber samples. Female dart biopsy blubber samples had quantifiable cortisol. Cortisone concentrations were defined as detectable, but not quantifiable because calibration curves for this study were above the LOD but not sufficiently low to bracket the sample concentrations. Additionally, one female had detectable but not quantifiable progesterone also related to calibration curve concentrations above the sample concentration. With further testing with lower concentrations of calibration standards, these samples could be quantifiable. The low (non-quantifiable) concentrations of progesterone suggest that the two females sampled were not pregnant. Quantification in pregnant individuals is feasible based upon the LOD and LOQs here and previous measurements on pregnant individuals in the literature [11] . Table 2 Analysis of steroid hormones in stranded code-1 Tursiops truncatus (animal SC1426) blubber using two liquid chromatography separation techniques Fig. 2 Comparison of bead materials used in homogenization of Tursiops truncatus blubber from code 1 stranded male blubber (n = 3). Error bars are ± standard deviations. All p-values were above 0.05, thus, there were no statistically significant differences
Discussion
This method successfully extracts and simultaneously measures all three hormones previously noted in the literature (testosterone, progesterone, and cortisol) and further provides the first information on blubber concentrations of five previously undetected hormones, cortisone, 17-hydroxyprogesterone, 11-deoxycorticosterone, 11-deoxycortisol, and androstenedione, using a single method and relatively small sample mass. Not only is this method advantageous over ELISA for its ability to use mass and structural fragmentation patterns to simultaneously identify and quantify multiple steroids, but there are a number of economic and timesaving advantages of mass spectrometry. There is a reduction in time as there is only one sample processing protocol and automated instrumentation as opposed to steroid specific extractions and manual analysis required by ELISAs. Although cost may be prohibitive for some laboratories due to the need for high tech instrumentation, the supplies and general equipment necessary to perform this extraction are highly cost effective (totaling around $25 per sample). Therefore, if there is access to instrumentation, there is a high return from eight steroid concentrations from one analysis as opposed to purchasing a commercial kit per steroid, in addition to extraction supply costs using ELISA. Accuracy of this method was within the acceptable limits for all hormones except corticosterone, which could be due to a number of factors. Potentially, matrix interferences may Analyte  LOD  LOQ  TYP140227-01  TYP140806-03  TYP140730-01  TYP140801-02  Female  Female  Male  Male  Feb-14 Aug coelute with corticosterone. Different chromatography methods or further sample clean up might improve corticosterone measurements. Additionally, the use of a corticosterone internal standard could improve accuracy as cortisol-d 4 was used as a surrogate due to the unavailability of a commercial standard for corticosterone. However, this does not preclude the use of a similarly structured internal standard as the accuracy of the remaining corticosteroids was within the acceptable range using cortisol-d 4 as a surrogate. Therefore, when using an internal standard that is not an exact match to the analyte, accuracy testing is necessary to determine applicability. Some steroids had extraction efficiencies above 100%, likely a result from low concentrations of endogenous hormones, which increased the variability of the measurement. For example, progesterone had an RSD of 12% for the unspiked samples, which could contribute error resulting in the 7% elevation above the 100% spike retrieval. Given this is a solid material that cannot be stripped of hormones and spiked to determine extraction efficiencies, this increase in variability is unavoidable.
Additionally, because blubber is a complex matrix, which cannot be stripped of hormones, we were unable to implement a matrix matched calibration curve. However, by analyzing the accuracy of this method in combination with the use of isotopic dilution, potential matrix interferences that affect the accuracy of this method are quantified. Therefore, a correction factor based on this testing could be employed in future analyses, though the data presented in this manuscript are uncorrected to better interpret the capabilities of the method.
The applications of this method are expansive as demonstrated by the quantification of previously undetected hormones, which all have biological functions in other vertebrates. Investigating these biological endpoints in conjunction with measuring these hormones in blubber could provide more complete health information related to bottlenose dolphins than that gathered by the analysis of cortisol, testosterone, and progesterone alone.
The addition of cortisone and the other corticosteroid metabolites could assist in the modeling of the relationship between blood cortisol and blubber cortisol. Models on stress built by Champagne et al. reported a R 2 value of only 57% between blood and blubber cortisol [13] . In other vertebrates, adipose tissue has been shown to convert cortisol to cortisone and it has been suggested that marine mammal blubber could perform this same conversion [24, 25] . Therefore, developing a model that includes cortisone and cortisol concentrations as predictors of blood cortisol concentrations could more accurately reflect blood cortisol and thereby stress status than measuring blubber cortisol alone.
Pregnancy in delphinids has been monitored using progesterone concentrations in blubber. However, using current methods, early pregnancies are not identifiable by blubber measurements alone as the concentrations of progesterone must rise above the model threshold that delineates between non-pregnant females that may be ovulating versus pregnant females. Androstenedione is an androgen, which could be used as a biomarker for pregnancy. Androstenedione is known to increase in the first trimester of pregnancy in other mammals, potentially as a pathway to increase estrone, estriol, and progesterone production in early pregnancy [26] [27] [28] . Therefore, increased androstenedione in females could be more sensitive in the detection of early pregnancies than measuring progesterone concentrations alone.
By analyzing a steroid profile rather than one hormone per assay, this method described here provides insight into the steroid production pathways most utilized by dolphins. For example, 17-hydroxyprogesterone and progesterone are in the pathway for production of androgens but also are upstream of production of corticosteroids. Among the dart biopsy blubber samples analyzed in this study, both males had detectable concentrations of 17-hydroxyprogesterone, while females, with comparable concentrations of cortisol and cortisone, did not have detectable 17-hydroxyprogesterone or progesterone concentrations. This suggests that male bottlenose dolphins could utilize 17-hydroxyprogesterone and progesterone for androgen production at baseline stress levels. Further analyses on a larger population and potentially in other matrices such as blood would assist in mapping the steroid synthesis pathways.
The values measured in dart biopsy blubber samples using this method are comparable to previously published values and have the added benefit of being measured by a single method from a single sample. The LOQ achieved with this method is sufficient to measure blubber hormones at concentrations that have been reported from previous research techniques [8] [9] [10] [11] [12] . Interestingly, progesterone was quantified only in male biopsy samples, and concentrations in the female samples were low (based upon the LOQ) compared to previously reported values from other delphinids [9, 11] . Previous reports on blubber progesterone in the bottlenose dolphin indicate that they have two-fold (non-pregnant) to six-fold (pregnant) lower concentrations of blubber progesterone as compared to other delphinid species [10] . This pilot application only examined four individual dart biopsies and did not contain calibration standards below the detected sample concentrations for progesterone, but the large increase in progesterone that coincides with pregnancy, in addition to potential increases in androstenedione, would likely allow our method to distinguish pregnant versus non-pregnant individuals. Many prior studies have examined concentrations in stranded or bycaught animals and though bycatch dolphins do experience an extreme stress event, they are the most relevant comparison in the literature for the dart biopsy samples measured here. This is because time to death is short among bycaught individuals compared to stranded individuals and there is a lag time between the increase of steroids in the blood and their transport to the blubber. Cortisol concentrations were approximately three-fold lower in our samples compared to those of bycaught D. delphis [12] and cortisone was not quantifiable in male or female biopsies. This was not surprising as animals from which dart biopsies were collected may experience some brief period of stress due to the 'chase' prior to being sampled, but this stress is greatly reduced from that experience by a bycaught animal. Regardless, our method was capable of quantifying cortisol concentrations as low as baseline (nonstressed). Additionally, with the inclusion of lower concentration calibration standards to improve the LOQ of cortisone, we have confidence that cortisone will be quantifiable at baseline concentrations in future studies. Ultimately, this method could provide baseline concentrations in remotely sampled blubber from relatively unstressed delphinids for testosterone, progesterone, and cortisol along with androstenedione, 17-hydroxyprogesterone, and potentially other steroids.
Conclusion
Here we have outlined the use of a QuEChERS extraction to LC-MS/MS analysis of steroid hormones for the reliable measurement of eight steroid hormones in a complex matrix, blubber. The extraction is reliable, general, and efficient for exploration of the endocrinology of bottlenose dolphins and likely other cetaceans. The method is sufficient to have the potential to quantify hormone suites in remote biopsied blubber samples, which could define baseline concentrations of wild populations. Further analyses of dart biopsied blubber samples from living, unstressed animals of different age classes, sex, and reproductive status will be conducted to determine the utility of this method for endocrine analyses of wild living dolphins. Through this methodology, the breadth of information collected from a single sample can be increased to explore pathway alterations in hormone physiology and provide more in depth endocrine health information, which is valuable for the monitoring and health of these protected species.
